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Signaling via Immunoglobulin Fc Receptors Induces
Oligodendrocyte Precursor Cell Differentiation
Introduction
Myelin, a multilayered membranous sheath that en-
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Chika Seiwa,1 Mari Gotoh,1 Tomonori Kaifu,4
Azusa Ujike,4 Masanori Inui,4 Takeshi Yagi,5
wraps individual axons, is required for both the fastMasaharu Ogawa,3 Sadakazu Aiso,2
conduction of nerve impulses and for axonal functionToshiyuki Takai,4 and Hiroaki Asou1,*
and integrity (Griffiths et al., 1998). Disruption of myelin1Glial Cell Research Group
causes severe diseases such as multiple sclerosis inTokyo Metropolitan Institute of Gerontology
humans. In the central nervous system (CNS), myelin is35-2 Sakaecho
synthesized by oligodendrocytes shortly after the birth.Itabashi, Tokyo 173-0015
Although molecular mechanisms underlying the produc-Japan
tion of oligodendrocyte precursor cells (OPCs) from neu-2 Department of Anatomy
ral stem cells are beginning to be elucidated (Lu et al.,Keio University School of Medicine
2000; Zhou et al., 2000), the differentiation of these OPCs35 Shinanomachi
into oligodendrocytes and the process of myelinationShinjuku, Tokyo 160-8582
remain poorly understood.Japan
Myelin is composed of a limited number of myelin3 Laboratory for Cell Culture Development
proteins. Myelin basic protein (MBP) comprises 30%–RIKEN Brain Science Institute
40% of all myelin proteins within the CNS. MBP is indis-2-1 Hirosawa
pensable in myelination, playing a crucial role in theWako, Saitama 351-0198
compaction of the myelin sheath (Omlin et al., 1982), and
Japan
may also regulate expression of other myelin proteins4 Department of Experimental Immunology and (Nakahara et al., 2001). The spontaneous shiverer
CREST Program of JST mouse, a natural knockout for the MBP gene (Roach et
Tohoku University Institute of Development, Aging, al., 1985), exhibits severe hypomyelination of CNS ax-
and Cancer ons, leading to premature death within 3 months. Spe-
4-1 Seiryo cific isoforms of MBP, containing exon 2 of the MBP
Aoba, Sendai, Miyagi 980-8575 gene, have a regulatory role in myelinogenesis (Allin-
Japan quant et al., 1991), suggesting that the initial events of
5 Osaka University Institute for Molecular myelination require MBP.
and Cellular Biology In the process of myelination, Fyn tyrosine kinase
1-3 Yamadaoka (Fyn) has a pivotal role in stimulating the expression of
Suita, Osaka 565-0871 MBP (Umemori et al., 1994, 1999). Mice deficient in Fyn
Japan display severe decreases in MBP production and dys-
myelination (Umemori et al., 1994, 1999; Seiwa et al.,
2000). Fyn is also essential for the morphological differ-
entiation of OPCs (Osterhout et al., 1999). Fyn is a nonre-Summary
ceptor-type tyrosine kinase that must be coupled to
an adaptor molecule to transduce extracellular signals.Dramatic changes in morphology and myelin protein
Myelin-associated glycoprotein (MAG) has been pro-expression take place during the differentiation of oli-
posed as a candidate responsible for the initial triggeringgodendrocyte precursor cells (OPCs) into myelinating
of Fyn signals during myelination (Bartsch et al., 1989;oligodendrocytes. Fyn tyrosine kinase was reported
Umemori et al., 1994); however, MAG-deficient miceto play a central role in the differentiation process.
demonstrate only subtle myelin abnormalities (Li et al.,Molecules that could induce Fyn signaling have not
1994; Montag et al., 1994). In order to elucidate thebeen studied. Such molecules are promising thera-
mechanism underlying myelinogenesis, we sought topeutic targets in demyelinating diseases. We provide
identify the trigger that stimulates the initial expressionevidence that the common  chain of immunoglobulin
of MBP and induces the morphological differentiationFc receptors (FcR) is expressed in OPCs and has a
via Fyn signaling.role in triggering Fyn signaling. FcR cross-linking by
In the immune system, the activation of Src familyimmunoglobulin G on OPCs promotes the activation
tyrosine kinase signaling involves interaction with mole-of Fyn signaling and induces rapid morphological dif-
cules containing immunoreceptor tyrosine-based acti-ferentiation with upregulation of myelin basic protein
vation motifs (ITAM) (Reth, 1989; Ravetch, 1994). Src
(MBP) expression levels. Mice deficient in FcR are family tyrosine kinases phosphorylate the tyrosine resi-
hypomyelinated, and a significant reduction in MBP dues within the ITAM, triggering intracellular signaling
content is evident. Our findings indicate that the FcR- (Iwashima et al., 1994). Severe myelin deficiency can be
Fyn-MBP cascade is pivotal during the differentiation caused by the absence of Fyn or by a mutation abolish-
of OPCs into myelinating oligodendrocytes, revealing ing Fyn tyrosine kinase activity, suggesting that the ki-
an unexpected involvement of immunological mole- nase activity of Fyn is essential for myelinogenesis
cules. (Sperber et al., 2001). These results suggest that an
ITAM-bearing molecule, expressed in oligodendrocytes
during the initial events of myelination, may be involved*Correspondence: nakaharajin@anet.ne.jp (J.N.), asou@tmig.or.jp
(H.A.) in myelinogenesis. We examined the common  chain
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of immunoglobulin Fc receptors (FcR), containing a
cytoplasmic ITAM shown to be phosphorylated by Fyn
(Quek et al., 2000; Wilson et al., 2000) as a candidate.
FcR is a pivotal activating adaptor known to have im-
portant functions in the activation of various immune
responses in the immune system (Takai, 2002).
In this study, we demonstrate that FcR is expressed
in OPCs and is involved in their differentiation. FcR,
which activates Fyn, governs the initial expression of
MBP and morphological differentiation in oligodendro-
cytes. We propose that this FcR-Fyn-MBP cascade is
essential in OPC differentiation and CNS myelination.
Results
FcR Expression in Oligodendrocytes In Vitro
We first cultured OPCs from embryonic day 17 mouse
forebrains, as described previously (Seiwa et al., 2002).
The purity of OPCs used was greater than 95%, con-
firmed by several OPC markers including A2B5 (Raff et
al., 1983) and NG2 (Nishiyama et al., 1999). These OPCs
were negative for markers of astrocytes and neurons,
and they indeed ensheathed myelin when cocultured
with dorsal root ganglion neurons (Seiwa et al., 2002).
Using these established OPCs, significant expression
of FcRmRNA was detected by RT-PCR at a level com-
parable to mast cells (Figure 1Aa, quantitative RT-PCR
not shown). CD3, another ITAM-containing molecule
involved in neuronal development and plasticity (Huh et
al., 2000), was not detectable in OPCs by RT-PCR (Fig-
ure 1Ab).
We have also detected the expression of FcR in
OPCs positive for A2B5 (Raff et al., 1983) (Figure 1Bb),
Olig2 (Lu et al., 2000; Zhou et al., 2000) (Figure 1Bh) and
NG2 (Nishiyama et al., 1999) (data not shown). FcRwas Figure 1. FcR Expressions in OPCs and Immature Oligodendro-
also detected in O4- and O1-positive immature oligoden- cytes In Vitro
drocytes (Sommer and Schachner, 1981) (Figures 1Bd (A) RT-PCR analysis of FcR expression. OPCs express FcR (Aa),
and 1Bf) by immunocytochemistry. The presence of but not CD3 (Ab). Bone marrow-derived mast cells and splenocytes
were used as positive controls.FcR in wild-type OPCs, but not in OPCs derived from
(B) Immunocytochemical analysis of FcR expression. FcR is ex-FcR-deficient mice, was confirmed by Western blotting
pressed in A2B5- (Ba and Bb) and Olig2- (Bg–Bi) positive OPCs,(Figure 1C). FcR is, therefore, evidently expressed both
and O4- (Bc and Bd) and O1- (Be and Bf) positive immature oligoden-
at the mRNA and protein levels within oligodendroglial drocytes. Scale bar, 15 m.
cells, including OPCs. (C) Western blot analysis shows the expression of FcR (a 6.5 kDa
protein) in wild-type OPCs, but not in FcR-deficient OPCs.
FcR Expression in Oligodendrocytes In Vivo
To examine FcR expression within the CNS in vivo,
we performed immunohistochemistry on forebrains of These FcR-expressing cells were confirmed to be
derived from the oligodendroglial lineage in vivo, as theneonatal mice at various ages. FcR-positive cells were
detectable at birth (P0) mainly within the subventricular cells were not double labeled with GFAP (astrocytic
marker; Figures 3Aa and 3Ab) or Ox-42 (microglialzone (SVZ; Figure 2A). Four days after birth (P4), the
expression pattern expanded into the white matter, be- marker; Figure 3Ac) (Robinson et al., 1986). Our observa-
tions are contrary to a prior finding that microglia arecoming detectable within the corpus callosum (Figure
2B). By P7, the age at which MBP and MAG become positive for FcR (Vedeler et al., 1994). We have, how-
ever, observed the expression of FcR in activateddetectable by immunohistochemistry (Nakahara et al.,
2001), FcR expression was localized primarily to the microglia in inflammatory lesions in experimental auto-
immune encephalomyelitis animals (J.N., unpublishedwhite matter (Figure 2C). The expansion of the observed
staining distribution strongly resembles on the pattern data). The expression of the Fc receptor on microglia is
regulated by several inflammatory cytokines (Loughlinof postnatal gliogenesis from the SVZ (Levison and
Goldman, 1993). Consistent with this, FcR-positive et al., 1992, 1993), and, therefore, our observations indi-
cate that microglia are negative for FcR unless acti-cells were also observed adjacent to the mouse-
musashi-1 (m-Msi-1)-positive neural stem cell layer vated. Neurons were negative for FcR at all of the ages
analyzed (data not shown). The FcR-positive cells were(Sakakibara and Okano, 1997) of the lateral ventricle
at P0 (Figures 2D and 2E), while FcR-positive cells also positive for Fyn (Figure 3Ba) and MAG (Figure 3Bb)
at P7.themselves were negative for m-Msi-1.
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FcR was expressed in many PDGF-R-positive OPCs
(Figure 3C). All of FcR-positive cells were also positive
for PDGF-R, while we observed some PDGF-R-posi-
tive, but FcR-negative OPCs in the optic nerve (Figure
3C). FcR is probably expressed after the expression
of PDGF-R in vivo. Similarly, we observed many Olig2-
positve OPCs in the SVZ of the lateral ventricle at P7,
but only a partial population was also positive for FcR
(Figure 3D). Olig2 is reported to be expressed in in vivo
OPCs a couple of days prior to the expression of PDGF-
R (Zhou et al., 2000), and combined with our results,
these observations indicate that OPCs express Olig2,
PDGF-R, and FcR in a time-dependent manner in vivo.
FcR Signaling Induces OPC Differentiation
To examine the role of FcR in the OPC differentiation
process, we stimulated OPCs with anti-FcR antibody
coated on culture dishes. Following 24 hr of stimulation,
cultured OPCs with few processes demonstrated re-
markable morphological changes and acquired well-
developed processes (Figure 4Ab). In addition, MBP ex-
pression was upregulated by anti-FcR antibody stimu-
lation, relative to controls, as revealed by Western blot-
ting analysis (Figure 4Ba). The stimulation of MBP
expression predominantly upregulated exon 2-con-
taining isoforms (i.e., 17.0 and 21.5 kDa proteins), which
have been suggested to play a regulatory role in myelina-
tion (Pedraza et al., 1997). Such developments were not
observed in the absence of the antibody (Figure 4Aa)
or in OPCs derived from FcR-deficient mice (Takai et
al., 1994) (Figure 4Ae).
We also observed upregulation of MBP expression
and dramatic morphological differentiation of wild-type
OPCs following similar stimulation using immunoglobu-
lin G (IgG)-coated dishes substituted for the anti-FcR
antibody (Figures 4Ac and 4Ba). The IgG was a mouse
monoclonal antibody and possessed an epitope not nat-
urally found in mice. This antibody did not react with
any oligodendroglial proteins by flow cytometry or im-
munohistochemistry (data not shown). The IgG-induced
differentiation of OPC, therefore, implies that IgG inter-
acted with Fc receptors for IgG (FcRs). Indeed, RT-
PCR analysis (Figure 4Bb) and flow cytometry (data not
shown) of wild-type OPCs detected the  subunits of
IgG-Fc receptors, namely FcRI and FcRIII, but not of
the IgE-Fc receptor, FcRI. All of these Fc receptors are
known to share the same  chain (FcR) for their signal
transduction (Takai et al., 1994; Wilson et al., 2000).
We cannot exclude the possibility that the anti-FcR
Figure 2. Distribution of FcR-Expressing Cells In Vivo antibody administered indirectly at least partly activated
Coronal sections of the cerebrum indicate that FcR-expressing FcR via FcRs. Both the anti-FcR antibody and non-
cells are distributed mainly in the SVZ at P0 (A). These cells expand
specific IgG, however, failed to stimulate OPCs derivedinto the white matter such as corpus callosum at P4 (B), and localize
from FcR-deficient mice (Figures 4Ad–4Af), indicatingmainly within the white matter at P7 (C). At P0, FcR-positive cells
that both of these molecules required FcR for theirare observed in the subventricular zone, adjacent to the mouse-
Musashi-1 (m-Msi-1)-positive neural stem cell layer in the ventricular signal transduction.
zone (D and E). LV, lateral ventricle; cc, corpus callosum; vz, ventric- To further investigate the role of FcR in triggering
ular zone; svz, subventricular zone. Scale bars: 50 m (C), 25 m (E). the Fyn signaling in OPCs, we have cross-linked FcR
in OPCs by administering IgG with bioparticles (killed
Staphylococcus aureus). After cross-linking for 48 hr, a
significant upregulation of Fyn expression was observedAlthough PDGF-R is widely used as an in vivo OPC
marker (Pringle et al., 1992), the receptor is expressed (Figure 4Ca), in addition to the morphological differentia-
tion and upregulation of MBP expression (see Figuresin various cells such as neurons in the forebrain (Ou-
mesmar et al., 1997). We used the P10 optic nerve in- 4A and 4B). The observation is consistent with a prior
finding that Fyn is upregulated 2- to 3-fold during OPCstead, where neurons are excluded. In the optic nerve,
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Figure 3. Identity of FcR-Positive Cells In
Vivo
(A) Doubly labeled images of coronal sections
of the cerebrum at P0 demonstrate that FcR-
positive cells are distributed mainly through-
out the SVZ (Aa). The majority of these cells
do not colocalize with GFAP, staining cells of
the astrocyte lineage (Ab). The distribution of
Ox-42-positive cells of the microglia lineage
is distinct from that of the FcR-positive cells
(Ac). (Ab) is a higher magnification of Aa
(boxed). o, oligodendroglial cells; a, astroglial
cells; m, microglial cells. Scale bars: 50 m
(Aa and Ac), 25 m (Ab).
(B) Doubly labeled images of coronal sections
of the cerebrum at P7 taken from the premy-
elinated corpus callosum. FcR and Fyn colo-
calize at the cell membrane (arrowheads; Ba).
MAG, which labels immature oligodendro-
cytes, colabels FcR-positive cells (arrow-
heads, Bb). Scale bar, 25 m.
(C) FcR is costained with PDGF-R, a
marker for in vivo OPCs in P10 optic nerve.
Note that most FcR-positive cells are also
positive for PDGF-R (arrowheads), while
there are some PDGF-R-positive cells not
stained with FcR. Scale bar, 20 m.
(D) FcR is also detected in Olig2-expressing
OPCs (arrowheads) in the SVZ of the lateral
ventricle at P7. Similarly to (C), Olig2 is distrib-
uted more diffusely than FcR. Scale bar,
30 m.
differentiation (Osterhout et al., 1999). In addition, we revealed a decrease in MBP expression in neonates at
P10 (data not shown). These observations suggest thatobserved phosphorylated (activated) Fyn only when
cross-linked by IgG (Figure 4Cb). These results indicate the FcR-Fyn-MBP cascade is pivotal in in vivo myelino-
genesis.that the IgG signal induces upregulation and activation
of Fyn. The cross-linking also induced upregulation and
dimerization of FcR, which was coimmunoprecipitated FcR-Fyn Doubly Deficient Mice
with Fyn (Figure 4Da). The dimerized FcR was also Several members of Src family tyrosine kinases, in addi-
phosphorylated on its tyrosine residues (Figure 4Db), tion to Fyn, have been shown to be expressed in oligo-
consistent with the theory that FcR is dimerized and dendrocytes (Sperber et al., 2001). These kinases may
phosphorylated on ITAM regions when activated (Wilson partly compensate for absence of Fyn. Further, other
et al., 2000). ITAM-containing molecules, such as DAP12 (Wilson et
These data together suggest that FcR is a trigger for al., 2000), may be expressed and compensate, in part,
Fyn signaling that is required for OPCs to differentiate for a FcR deficiency. Therefore, mice deficient in both
into myelinating oligodendrocytes. FcR and Fyn would be a suitable model to evaluate
the actual contribution of the FcR-Fyn-MBP cascade
to myelination in vivo.Comparison of FcR-, Fyn-,
and MBP-Deficient Mice We produced FcR-Fyn doubly deficient mice by
crossing FcR and Fyn single mutant mice. The doublyTo track the FcR-Fyn-MBP cascade in vivo, we ana-
lyzed mutant mice deficient in either FcR (Takai et al., deficient mice clearly exhibited more severe dysmyeli-
nation at P10 compared with both single mutants (Fig-1994), Fyn (Yagi et al., 1993), or MBP (Roach et al., 1985)
(shiverer). The most intense period of oligodendrocyte ures 5D and 5H). MBP was virtually undetectable in the
doubly deficient mice at P10 (Figure 5D, inset).proliferation occurs during the first 9 days after birth
(Mathis et al., 2000); oligodendrocytes predominantly Cytoplasmic expression of MAG exclusively identifies
myelinating oligodendrocytes (Nakahara et al., 2001).express exon 2-containing MBP at this age (Allinquant
et al., 1991). We analyzed the brains of mice at P10 to We counted the number of MAG-positive myelinating
oligodendrocytes (Figure 5E, inset) at P10 in each mu-follow the initial stages of myelination. Immunohisto-
chemical analysis of the white matter of FcR- (Figures tant to evaluate the degree of OPC differentiation into
myelinating cells. Statistical analysis of the distribution5B and 5F), Fyn- (Figures 5C and 5G), and MBP- (Figures
5I) deficient mice revealed a similar defects in myelina- of MAG-positive myelinating oligodendrocytes (Naka-
hara et al., 2001) (arrows in Figure 5) revealed that thetion in the three mutants, as compared with age-
matched wild-type mice. Restricted expression of MBP number of the cells is reduced to approximately 44%,
25%, and 12% of wild-type levels in FcR-, Fyn-, andand/or MAG in all of the mutants (Figure 5) indicate that
these three molecules are all involved in myelinogenesis. MBP-deficient mice, respectively (Figure 5J). This result
linearly correlates to the levels of MBP (Figures 5A–5D).Western blot analysis of FcR- and Fyn-deficient mice
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Figure 4. Signaling via FcR Induces OPC
Differentiation
(A) Following stimulation with dish-coated
anti-FcR antibody for 24 hr, OPCs demon-
strate dramatic morphological differentiation,
acquiring well-developed processes (Ab).
Similar differentiation is also observed when
IgG was substituted for the antibody (Ac).
Neither anti-FcR antibody (Ae) nor IgG (Af)
differentiate OPCs derived from FcR-defi-
cient mice. Control, without the antibody or
IgG (Aa and Ad). Scale bar, 35 m.
(B) (Ba) Western blot analysis of MBP expres-
sion following stimulation. Cells in (A) were
lysed and analyzed. MBP, predominantly the
exon-2-containing isoforms (17.0 and 21.5
kDa), is upregulated in OPCs following stimu-
lation by anti-FcR antibodies (FcR, lane 2)
or by IgG (IgG, lane 3), compared to controls
(ctrl, lane 1). CNPase is used as a loading
control. (Bb) RT-PCR analysis reveals that the
 chains of FcRI/III (Fc receptors for IgG),
but not of FcRI (Fc receptor for IgE), are
expressed in OPCs.
(C) IgG cross-linking with bioparticles (killed
Staphylococcus aureus [S.a.]). When both
IgG and S.a. are administered, OPCs are in-
duced to differentiate morphologically and
upregulation of MBP is observed (data not
shown; see [A] and [B]). In addition, signifi-
cant upregulation of Fyn is observed in these
cells ([Ca], lane 1). The upregulated Fyn is
phosphorylated on the tyrosine residue
known to be phosphorylated when activated
([Cb], lane 1). S.a. alone does not upregulate
or activate Fyn ([Ca and Cb]; lane 2). Control
(Ca and Cb), ctrl (lane 3), include neither IgG
nor S.a.
(D) IgG cross-linking results in upregulation
of FcR and phosphorylation. Significant
upregulation and dimerization of FcR are
observed in the cross-linked OPCs ([Da], lane
1), only when IgG and S.a. are added at the
same time. The dimerized FcR are phos-
phorylated on their tyrosine residues ([Db],
lane 1), as revealed by antibodies against
phospho-tyrosine.
In addition, the number of MAG-positive myelinating 6A). The amount of MBP in the brains of mutant adults
(3 months postnatal) was reduced to 32.7%  4.1% inoligodendrocytes was reduced to 15% in FcR-Fyn dou-
bly deficient mice, which was similar to that of MBP- FcR-deficient mice, 30.9%  10.9% in Fyn-deficient
mice, and 9.1%  12.8% in FcR-Fyn doubly deficientdeficient mice (Figure 5J). Indeed, the expression of
MBP in these doubly deficient mice is barely detectable mice, compared with wild-type (100% 13.8%) (Figures
6Ae and 6Af). The doubly deficient mice had a more(Figure 5D). These data indicate that the differentiation
of OPCs into myelinating oligodendrocytes is more com- severe reduction in the MBP amount than single mu-
tants. Immunohistochemical analysis revealed that thepletely blocked the more MBP is reduced in the mutants.
In the adult CNS, there was hypomyelination in all of mice, indeed, have virtually no myelin within their cere-
bral cortex as revealed by MBP (Figure 6Ad), MAG, andFcR-, Fyn- and FcR-Fyn doubly deficient mice (Figure
Developmental Cell
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Figure 5. Comparison of FcR/, Fyn/,
FcR/ Fyn/, and MBP/ Mice at P10
Coronal sections of the cerebrum are stained
against MBP at P10 (A–D). The white matters
of the cingulate cortex are shown. MBP ex-
pression is reduced in FcR/ (B) and Fyn/
mice (C), although Fyn/mice display a more
severe phenotype. FcR/ Fyn/ doubly
deficient mice (D) display the most severe
phenotype, with virtually no detectable MBP
expression ([D], inset). Sections adjacent to
(A–D) are stained against MAG (E–H). MBP-
deficient mice at P10 are also shown for refer-
ence (I). MAG-positive myelinating oligoden-
drocytes ([E], inset) are statistically counted
and graphed in (J). The number of myelinating
cells per coronal slice (cerebral cortex) is re-
duced approximately to 44%, 25%, 15%, and
12% of wild-type in FcR/, Fyn/, FcR/
Fyn/, and MBP/ mice, respectively. Scale
bar, 100 m.
PLP (data not shown) expressions, suggesting that the animals (Figure 6Ag). The results indicate that 56.57%
8.82% of axons are myelinated in wild-type mice,FcR-Fyn-MBP cascade is indeed pivotal in myelino-
genesis. The doubly deficient mice also exhibited a thin whereas the proportion is decreased to 21.96% 2.54%
in FcR-deficient mice, 22.36%7.49% in Fyn-deficientcerebral cortex, and this tendency was also observed
in both single mutant mice (Figures 6Ab and 6Ac), which mice, and 9.53%  1.62% in FcR-Fyn doubly deficient
mice (black bars). These results are in support of immu-may be attributable to neuronal losses secondary to
abnormal oligodendroglial functions and hypomyelina- nohistochemical (Figures 6Aa–6Ad) and quantitative
Western (Figures 6Ae and 6Af) results. We have furthertion, as neurons themselves are negative for FcR.
Quantitative morphometric electron microscopic analy- calculated the relative thickness of myelin sheaths for
all animals, and the thickness of myelin sheaths on ansis was also performed for the corpus callosum of all
Fc Receptor Signaling Induces OPC Differentiation
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Figure 6. Comparison of FcR/, Fyn/, and FcR/ Fyn/ Adult Mice
(A) Staining against MBP of coronal cerebral cortex sections of adult (1.5 months postnatal) mice are shown (Aa–Ad). Fyn/ (Ab) and FcR/
(Ac) mice exhibit a clear decrease in MBP expression, and FcR/ Fyn/ doubly deficient mice exhibit a more severe decrease in MBP,
being barely detectable (Ad) compared to wild-type (Aa). All of the mutant mice have reduced thickness in their cerebral cortex. Scale bar,
200 m. The amount of MBP expression in the adult brains of the mutants, analyzed by Western blotting analysis, is shown (Ae) and graphed
(Af). The results indicate that the overall amount of MBP is reduced to 32.7%  4.1% in FcR-deficient mice, 30.9%  10.9% in Fyn-deficient
mice, and 9.1%  12.8% in FcR-Fyn doubly deficient mice when compared with wild-type (100.0%  13.8%). The results of quantitative
morphometric electron microscopic analysis (Ag) revealed that 56.57%  8.82% of all axons are myelinated in wild-type mice, whereas it is
decreased to 21.96%  2.54% in FcR-deficient mice, 22.36%  7.49% in Fyn-deficient mice, and 9.53%  1.62% in FcR-Fyn doubly
deficient mice (black bars). Thickness of myelin sheaths as calculated by the formula shown in the inset (gray bars) was reduced to 20.60% 
9.48% in FcR-deficient mice, 21.72% 8.61% in Fyn-deficient mice, and 21.89% 5.58% in FcR-Fyn doubly deficient mice, when compared
with wild-type mice (29.70%  5.77%).
(B) The difference in the number of MAG-positive myelinating oligodendrocytes between FcR-deficient and wild-type mice at P10 becomes
insignificant at later stages of development (Ba), although the hypomyelination is not compensated at those stages, as revealed by lower PLP
expression in corpus callosum of FcR-deficient mice (Bc) when compared with that of wild type mice (Bb). Scale bar, 40 m.
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Figure 7. Dysmyelination in the Absence of FcR
(A) No significant differences in the distribution of PDGF-R-positive OPC (arrows) are evident in the subventricular zone (SVZ), between
FcR-deficient (Ab) and wild-type (Aa) mice at P10. Pictures from the border of the SVZ and the corpus callosum near the lateral ventricle
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average is decreased in all three mutant animals when the OPC production in the SVZ is not altered in the
absence of FcR. In the cingulate area, the number ofcompared with wild-type mice (Figure 6Ag). These re-
NG2-positive cells was apparently increased in FcR-sults therefore indicate that all the mutants have not
deficient mice, while similar number of MAG-positiveonly decreased myelinated axons but also thinner my-
myelinating cells was decreased, when compared withelin sheaths.
age-matched wild-type mice (Figure 7Ac). Total numberWe have also cultured OPCs from FcR-Fyn doubly
of NG2-positive cells and MAG-positive cells did notdeficient mice, stimulated them with IgG and biopar-
differ between FcR-deficient and wild-type mice, thusticles for 48 hr, and then cocultured with dorsal root
indicating neither production nor migration of OPCsganglion (DRG) neurons for additional 72 hr to analyze
from the SVZ is altered, but the differentiation of thosethe degree of differentiation block in the absence of
OPCs into myelinating cells is blocked in the absenceFcR-Fyn signaling. While well-developed wild-type
of FcR. There was no difference in the number of bothOPCs extended their processes to DRG axons and en-
NG2-positive and MAG-positive cells after P50 in thewrapped them (see Supplemental Figure S1 at http://
cingulate area (Figure 7Ac), while a clear dysmyelinationwww.developmentalcell/cgi/content/full/4/6/841/DC1),
was observed (Figures 6A and 7B), indicating FcR hasFcR-Fyn doubly deficient OPCs remained bipolar in
a critical role in triggering the differentiation of OPCstheir morphology and failed to enwrap the axons (see
into myelinating cells around P10. In addition, the distri-Supplemental Figure S2 at http://www.developmentalcell/
bution of S-100-positive and GFAP-positive cells didcgi/content/full/4/6/841/DC1). These results suggest
not differ in FcR-deficient mice from wild-type mice,that the differentiation of OPCs is blocked in the absence
both at P10 and as adults (see Supplemental Figureof FcR-Fyn signaling, consistent with the in vivo results
S3 at http://www.developmentalcell/cgi/content/full/4/(Figure 6).
6/841/DC1; data not shown), indicating that FcR is not
involved in the differentiation of astrocytes. The resultsFcR Is Not Necessary for Gliogenesis
also indicate that the differentiation of astrocytes is notWe have further analyzed for changes in the number of
altered when the myelination process is disturbed.myelinating cells in later development of FcR-deficient
Finally, electron microscopic analysis was employedmice. Although there was a severe reduction in the num-
to confirm that FcR-deficiency results were not merelyber of MAG-positive myelinating oligodendrocytes in
reductions in myelin proteins, but generalized hypomy-
FcR-deficient mice at P10, there were no apparent
elination. Electron microscopy of the corpus callosum of
differences in the number of myelinating oligodendro- the CNS in adult mice revealed severely hypomyelinated
cytes between FcR-deficient and wild-type mice at P50 axons in the dorsal region of FcR-deficient mice (Fig-
or P90 (Figure 6Ba). In both FcR-deficient and wild-type ures 7Ba and 7Bb). In addition, axonal swelling was
mice, myelinating oligodendrocytes mostly disappeared observed in the ventral region (Figures 7Bc and 7Bd),
from the forebrain by P90. These data indicated that consistent with the previous report that myelin defi-
FcR predominantly induces OPC differentiation around ciency causes axonal swelling (Griffiths et al., 1998).
P10. Although there was no difference in the number of These data confirm that the loss of FcR results in gener-
myelinating cells by P50, there was clear hypomyelina- alized myelin deficits that could not compensated by
tion in FcR-deficient mice (Figure 6Bc) compared with later development. Electron microscopic analysis of
age-matched wild-type mice (Figure 6Bb), indicating FcR-Fyn doubly deficient mice revealed more severe
that hypomyelination could not be compensated later reduction in myelinated axons (see Supplemental Figure
in FcR-deficient mice. S4a at http://www.developmentalcell/cgi/content/full/
The disturbance in myelination observed in FcR-defi- 4/6/841/DC1; also see Figure 6Ag). The axonal swelling
cient mice may result from a failure of gliogenesis. To observed in FcR-deficient mice (Figure 7Bd) was also
address this possibility, we analyzed the in vivo expres- confirmed in the doubly deficient mice (see Supplemen-
sion of PDGF-R, a marker for OPC (Pringle et al., 1992). tal Figure S4b at http://www.developmentalcell/cgi/
FcR-positive cells were also positive for PDGF-R (Fig- content/full/4/6/841/DC1). In addition, abnormal split-
ure 3C). OPCs in the cingulate cortex (Figure 5) appear ting of myelin was frequently observed in the doubly
to be derived from the SVZ (Kakita and Goldman, 1999). deficient mice (Figure 7Ca), while such splitted myelin
At P10, the age at which we observed the myelination sheath was rarely observed in either of single mutants
deficiency in FcR-deficient mice (Figure 5), we did not or in wild-type mice (data not shown). The splitted myelin
observe changes in the number or distribution of sheaths occasionally “herniated” into the axonal region,
PDGFR-positive cells in the SVZ (Figures 7A). Further, causing the aberrant shape of axons (Figure 7Cb). The
we found no difference in the distribution of NG2-posi- splitting of myelin sheaths is likely to be due to the
severe reduction of MBP in these doubly deficient micetive cells in the SVZ (data not shown), indicating that
are shown: counter stained with methyl green. Scale bar, 40 m. Numbers of NG2-positive OPCs and MAG-positive myelinating cells were
counted in the cingulate area and graphed (Ac). The results indicate that the number of NG2-positive OPCs is apparently increased in FcR-
deficient mice at P10, while similar number of MAG-positive myelinating cells is decreased in the same area. Both the number of NG2-positive
OPCs and MAG-positive myelinating cells were similar between wild-type and FcR-deficient mice after the age of P50.
(B) Electron microscopy shows severe hypomyelination in the dorsal corpus callosum of FcR-deficient mice (Bb), compared with wild-type
mice (Ba) at P67. The ventral corpus callosum of FcR-deficient mice displays severe axonal swelling (asterisks) of hypomyelinated axons
(Bd), compared to the wild-type (Bc). Scale bars: 2 m (Bb), 500 nm (Bd).
(C) Electron microscopic analysis of FcR-Fyn doubly deficient mice (corpus callosum) reveals abnormal splitting of myelin sheaths ([Ca],
arrows). Splitted myelin sheaths occasionally “herniated” into axon ([Cb], arrow). Major dense lines are destructed in the splitted myelin
sheaths ([Cb], area surrounded by arrowheads). Scale bars: 200 nm (Ca), 300 nm (Cb).
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(Figure 6A), as major dense lines (where MBP is most (de Vries et al., 1997). On the other hand, a unique IgG-Fc
condensed) are destructed in these myelin sheaths (Fig- receptor, FcRIIb, which may negatively regulate FcR-
ure 7Cb). Fyn signaling (Takai, 2002), is also expressed in oligo-
dendrocytes (data not shown). FcRIIb may be involved
in the negative regulation of the FcR-Fyn-MBP cascadeDiscussion
in oligodendrocytes. It is also uncertain whether any
specific antigens are involved in cross-linking IgG inIn this study, we show that FcR is expressed both in
vivo for the differentiation of OPCs into myelinating cells.vitro and in vivo in cells of the oligodendroglial lineage,
We have shown in vitro that antigen cross-linkingincluding OPCs (Figures 1–3). We propose that FcR trig-
strongly stimulates the FcR-Fyn-MBP cascade (Fig-gers OPC differentiation through functional cooperation
ures 4C and 4D), although OPCs may differentiate with-with Fyn and induces both morphological differentiation
out specific antigens (Figures 4A and 4B). Maternallyand upregulation of MBP expression (Figure 4). Our pro-
derived antibodies may include some antigen-specificposal was confirmed in vivo by the severe deficit in
IgGs that stimulate OPC differentiation, although wemyelinogenesis and MBP expression in FcR-deficient
cannot exclude the possibility that the physiological li-mice (Figures 5 and 6) without significant alterations in
gands for the FcR are not immunoglobulins in vivo.gliogenesis (Figure 7) or astrocyte development (see
The possible physiological involvement of IgG in CNSSupplemental Figure S3 at http://www.developmentalcell/
development and myelination are currently under furthercgi/content/full/4/6/841/DC1). Other ITAM-bearing mol-
investigation in our laboratory.ecules or Src family kinases may partially compensate
Multiple sclerosis (MS) is the most frequent demyelin-in FcR-deficient and Fyn-deficient mice, respectively,
ating disease of the CNS, for which neither the etiologyas FcR-Fyn doubly deficient mice revealed more se-
nor a cure is available despite the fact that it was firstvere dysmyelination phenotypes than single mutant
mice (Figures 5–7). The expression of  chains of Fc described more than a century ago (Noseworthy, 1999).
receptors specific for IgG, but not for IgE, suggests Recently, however, populations of OPCs were shown
a possible role for IgG as the extracellular triggering to be preserved in demyelinated MS lesions (Wolswijk,
molecule that activates FcR through the  chains on 1998). Stimulating differentiation of these endogeneous
oligodendrocytes (Figure 4). In vitro cross-linking with OPCs to regenerate the lost myelin could prove to be
IgG induced activation of both FcR and Fyn, increased an efficient therapeutic strategy. In addition, the expres-
MBP expression, and triggered dramatic morphological sion of exon 2-containing MBP was detected in MS
differentiation of wild-type OPC, but not of FcR-defi- lesions in which remyelination had occurred to a certain
cient OPCs (Figure 4). degree (Capello et al., 1997). The activation of FcR
The stimulation of MBP expression by the FcR-Fyn resulted in an upregulation of exon 2-containing MBP
signaling predominantly upregulated exon 2-containing levels, and a dramatic morphological differentiation of
isoforms (Figure 4Ba). Four major isoforms of MBP, pro- OPCs. In conjunction with the reportedly abundant but
ducing proteins of 14.0, 17.0, 18.5, and 21.5 kDa, are quiescent OPCs preserved in chronic MS lesions (Wols-
generated by alternative splicing involving seven exons wijk, 1998), our greater understanding of the initiation
in the MBP gene (de Ferra et al., 1985). These isoforms of myelinogenesis may encourage novel therapeutic
can be separated into two groups based on their distri- strategies for the treatment and prevention of MS and
bution inside the cell. The exon 2-containing isoforms, other demyelinating diseases.
the 17.0 and the 21.5 kDa proteins, are diffused through- In conclusion, our findings indicate an unexpected
out the cytoplasm and accumulate in the nucleus, similarity at the molecular level between the activation
whereas the two remaining isoforms are found mainly of immune cells and the differentiation of OPCs, which
at the plasma membrane and play a role in myelin com- may introduce a new avenue for brain-immune connec-
paction (Allinquant et al., 1991). The exon 2-containing tions.
isoforms have been suggested to play a regulatory role
in myelination (Pedraza et al., 1997), which also supports
our proposition of FcR-Fyn cascade as an inducer of Experimental Procedures
OPC differentiation.
AntibodiesIt remains to be studied whether IgG has a physiologi-
Our primary antibodies were, O1 and O4 monoclonal Ab (mAb) (Som-cal role in triggering myelinogenesis in vivo. IgG, but
mer and Schachner, 1981), A2B5 mAb (Raff et al., 1983), anti-FcRnot IgM or other classes of immunoglobulins, passes
polyclonal Ab (pAb) (Takai et al., 1994), anti-MBP pAb (Nichirei),
through the placenta. Maternal IgGs may therefore enter anti-MAG pAb (from Dr. Y. Matsuda, National Center for Neurology
the CNS through immature blood-brain barrier (BBB) and Psychiatry, Japan), anti-GFAP pAb (DAKO), Ox-42 mAb (Rob-
during embryogenesis (Simister, 1998) and may play a inson et al., 1986), anti-PDGFR pAb (UBI), anti-m-Msi-1 mAb (from
role in myelinogenesis. After postnatal maturation, the Dr. H. Okano, Keio University School of Medicine, Japan), anti-
CNPase mAb (Sigma), anti-Fyn mAb (from Dr. K. Senzaki, NationalBBB expresses Fc receptors for IgG, which transcytose
Institute for Physiological Sciences, Japan), anti-phospho-Fyn pAbIgG molecules from brain to blood (Zhang and Pard-
(Santa Cruz), anti-S100 pAb (Sigma), anti-phospho-tyrosine mAbridge, 2001); this mechanism may therefore hinder the
(Calbiochem, clone PY20) anti-NF mAb (Sigma), anti-NG2 pAbentry of IgG into adult CNS. The myelination cascade
(Chemicon), and anti-Olig2 pAb (from Dr. H. Takebayashi, Nationalthat we propose may also be involved in the remyelina-
Institute for Physiological Sciences, Japan) (Takebayashi et al.,
tion promoted by immunoglobulins after experimental 2000) were used. Secondary Abs were HRP-conjugated anti-rabbit
CNS demyelination of rodents (Rodriguez and Lennon, or mouse IgG Ab (MBL), rhodamine-conjugated anti-mouse IgM
1990), as the BBB is mechanically and functionally easy Ab (EY Labo. Inc.), and fluorescein-conjugated anti-rabbit IgG Ab
(Cappel).to damage during CNS inflammation and demyelination
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Mice overnight at 4	C or for 2 hr at 37	C, and then with an appropriate
secondary antibody for 1 hr at 37	C. Samples were stained in aWild-type (C57BL/6), FcR-deficient (Takai et al., 1994), Fyn-defi-
cient (Yagi et al., 1993), FcR-Fyn doubly deficient (obtained by solution containing DAB (Wako). Methyl green (Wako) was used as
a counter stain, where applicable. For double staining, slices werecrossing single mutants), and MBP-deficient (shiverer; Jackson
Lab.) mice of all ages were sacrificed under appropriate anesthesia. washed with PBS and then with 0.1 M glycine-HCl buffer (pH 2.2)
for 1 hr at room temperature to remove the primary set of antibodies,The backgrounds of all mice, including the mutants, were C57BL/6.
All of the procedures used in this study were in accordance with before proceeding to the secondary set of antibodies. A solution
containing 4-chloro-1-naphthol (Wako) was used to visualize thethe institutional animal care and use committee.
secondary set of antibodies (blue). Statistical analysis of MAG-posi-
tive myelinating oligodendrocytes and NG2-positive OPCs were per-OPC Culture and Stimulation
formed as described previously (Nakahara et al., 2001). At least sixThe mouse OPCs are derived from cerebral hemispheres of embry-
different slices were analyzed for each animals. MAG-positive cellsonic day 17 mice. We cultured mouse OPCs as previously described
within the cerebral cortex per sectioned slice (coronal) or MAG-(Seiwa et al., 2002). For the stimulation experiments using antibody-
positive cells and NG2-positive cells within the cingulate cortexcoated dishes, 35 mm dishes were coated with either poly-L-lysine
(coronal) per 1 mm2 were counted.(100 g/ml; Sigma) alone, poly-L-lysine with anti-FcR pAb (70
g/ml), or poly-L-lysine with CRA-1 mAb (IgG2b, 20g/ml; Kyokuto).
Electron MicroscopyOPCs were seeded at 1 
 106 cells/coated dish, and harvested
Electron microscopic analysis was performed as described else-after 24 hr. The CRA-1 antibody is a mouse monoclonal antibody
where (Seiwa et al., 2000) with a JEOL 100C electron microscope(originally against human FcRI  chain; OPCs do not express FcRI
(Nippon Kohden). For quantitative morphometric electron micro- chain, as shown in Figure 4). For the cross-linking experiments,
scopic analysis, pictures were randomly taken from the corpus callo-OPCs were seeded at 2.5 
 106 cells/dish, then 5 ml of the BS
sum (coronal) at midline. Proportions of myelinated axons to allmedium (Seiwa et al., 2002) containing purified mouse IgG (ICN
axons (n  2000–2400 for each animals) were counted, and thick-Pharmaceuticals; clone MOPC195; 5 g/ml) and autoclaved biopar-
ness of myelin was calculated for approximately 400 myelinatedticles (killed Staphylococcus aureus; Molecular Probe; S-2859; 2.5

axons for each animal, using the formula shown in the inset of103 cells/dish) were administered for 48 hr. For the coculture experi-
Figure 6Ag.ments, dorsal root ganglion (DRG) neurons of wild-type mice at P5
were isolated as described previously (Seiwa et al., 2002) and added
to OPCs that were prestimulated with IgG and bioparticles for 48 Acknowledgments
hr as described above. The cocultures were maintained for addi-
tional 72 hr before immunocytochemistry was performed. Cell lysis, The authors would like to thank Drs. K. Kawamura, M. Yamada, and
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